A novel vector operated one-cycle control matrix rectifier (OCC-MR) is proposed in this paper. Matrix rectifier (MR) is a generalized buck three-phase AC-DC converter with four-quadrant operation capability. MR can also be the front-stage circuit of AC-DC-AC equivalent structure of MC. One-cycle control (OCC) is a nonlinear control technique, which integrates modulation algorithm and control strategy. By applying OCC to current control loop, the OCC-MR achieves balance only in a switching cycle, and realizes unitary input power factor. Furthermore, vector operation of OCC results in minimum switching losses. In order to make up for the insufficiency of OCC on load disturbance suppression, a PID controller is added onto output voltage control to improve load regulation. The OCC-MR features great simplicity, fast dynamic response and good immunity on input disturbance. On the basis of theoretical analysis, a systematic simulation of OCC-MR is implemented by means of Matlab/Simulink. Both static state performance and dynamic state performance of OCC-MR are discussed deeply. The simulation results have proved theoretical analysis of the vector operation of OCC-MR, and the control effects are satisfactory.
Introduction
Three-phase to three-phase matrix converter (MC) can be derived into three-phase to twophase MC by removing any group of three bidirectional switches, which is responsible for yielding one phase output [1, 2] . When the desired output frequency is set to zero, the threephase to two-phase MC is a three-phase AC-DC MC, i.e. DC matrix converter, named matrix rectifier (MR) for convenience here. It is a generalized buck three-phase AC-DC converter with four-quadrant operation capability [2] . Matrix rectifier provides bipolar output voltage, sinusoidal input current with minimum higher order harmonics, its input current waveform is pure sinusoidal, and the input power factor is near unity. Simultaneously it has bi-directional energy flow capability. In addition, MR can also be the front-stage circuit of AC-DC-AC operation (lower switching losses compared to the traditional PWM operation). In order for a new concept to be industrially and commercially adoptable, a rigid evaluation for all possible practical scenarios is performed and solid engineering design guidelines are developed. The structure of this paper is arranged as follows: the principle of OCC is reviewed in Section 1; the vector operation of OCC MR is analyzed in Section 2; Section 3 presents the simulations results, including both steady state and dynamic state; and conclusions are given in Section 5.
Principle of OCC
The essence of one-cycle control lies in the control of duty ratio of the switch so as to making the average value of the switched variable equal to the control reference during one switching cycle [12] .
A switch operates according to the switch function k(t) at a frequency f s = 1/Ts, 1 0 ( ) . 0
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< < ⎧ ⎪ = ⎨ < < ⎪ ⎩ (1) In each cycle, the switch is on state for a time duration T ON and is off state for a time duration T OFF , where T ON + T OFF =T s . The duty ratio d = T O N /T is modulated by an analog control reference v ref (t) . The input signal x(t) at the input node of the switch is chopped by the switch and transferred to the output node of the switch to form a switched variable y(t). The frequency and the pulse width of the switched variable y(t) is the same as that of the switch function k(t), while the envelope of the switched variable y(t) is the same as the input signal x(t) as shown in Fig. 1 . 
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The switched variable y(t) at the output node of the switch is the product of the input signal x(t) and the duty ratio d(t); therefore, the switch is characteristic of nonlinearity.
If the duty ratio of the switch is modulated such that the integration of the switched variable at the switch output is exactly equal to the integration of the control reference in each switching cycle, i.e. 
then the average value of the switched variable at the switch output is exactly equal to the control reference in each cycle, since the switching period is constant.
Therefore, the average of the switched variable is instantaneously controlled within one cycle, i.e. 
The technique to control switches according to this concept is defined as the one-cycle control technique. With one-cycle control, the effective output signal of the switch is
The switch rejects the input signal fully and all-passes the control reference v ref linearly; therefore, the one-cycle control technique is capable of turning a non-linear switch into a linear path. The implementation circuit for One-Cycle Controlled constant-frequency switch is shown in Fig. 2 . Fig. 2 . One-cycle controlled constant frequency switch [19] The key component of the one-cycle control technique is the integrator and the resetter. The integration starts the moment when the switch is turned on by the fixed frequency clock pulse. The integration value, 
Since the switch period T s is constant, and K = 1/kT s is a constant, the average value of the switched variable at the switch output y(t) is guaranteed to be
in each cycle. Figure 3 shows the operating waveforms of the circuit, when Note that any physical or signal switch can be one-cycle controlled, i.e. the switched variable can be any switched physical variable or abstract signal.
Vector Operation of OCC-MR A) Topology of OCC-MR
The OCC-MR shown in this paper is composed of a three-phase bridge as the main circuit, commutation and drive circuit and a one-cycle controller as shown in Fig. 4(a) . The main circuit is a three-phase bridge current source rectifier. The dc-bus current is developed by an inductor. The power line provides symmetric sinusoidal three-phase voltages and currents in normal operation. The bridge rectifier contains a three-phase LC filter and six bidirectional switches that are of common-emitter anti-paralleled type. The converter operates in continuous conduction mode (CCM) under the condition of high switching frequency and proper design of the inductor. Although adding LC filter to a power converter is generally associated with losses and hence can be said to reduce the overall efficiency, the input LC filter attenuates the highfrequency normal-mode current and shunts the common-mode currents at the input side. So input current harmonics and conducted EMI of OCC-MR is reduced effectively. For there are many technical publications that research the design method and influence of LC filter in a power converter [28] [29] , it is not discussed detailedly in this paper any more.
The control circuit contains an OCC core, some vector operation logic, and a voltage feedback circuit, as shown in Fig. 4(b) . The OCC core includes two multipliers, two comparators, and two integrators with reset as well as one flip-flop; the vector operation logic contains a vector region selection circuit that divides a line cycle into six regions according to the power line voltage (shown in Fig. 5 ), a synchronizing circuit that selects the vector voltages v α and v β from the three phase voltages e a , e b and e c as the synchronizing signals of input phase currents (shown in Table 1 ), and the voltage feedback loop that regulates the dc-bus voltage and generates the amplitude signal of input currents. The dc-bus voltage is regulated against a reference voltage so that it keeps constant during steady-state operation. The error signal passes a proportion-integration (PI) regulator to form the modulation signal. The OCC control core takes the modulation signal together with the vector voltages to generate current references i α and i β . The output current i L passes to two integrators, of which the results are compared with current references to produce switch trigger signals S α and S β . The output logic circuit takes the switch trigger signals S α and S β together with the result of region selection circuit to produce the duty ratios of the six bidirectional switches. 
B) Vector operation of OCC-MR
For vector operation, a line cycle, as shown in Fig. 5 , is evenly divided into six regions according to the zero-crossing points of each phase voltage. In each region, the two switches of the dominant phase, whose voltage polarity is opposite to the other two, are kept ON and OFF, respectively, in the entire region, which brings about minimum switching losses. The switches of the other phases are controlled at switching frequency. The vector enters a new region in each 60° of one line cycle. This mechanism is shown in Table 1 .
In this fashion, the six-switch bridge can be decoupled into a parallel-connected dual-buck topology. For example, in region I (60°)120°), supposing output voltage is positive, switch S 1 is kept ON and switches S 3 and S 5 are kept OFF for the entire region, while switches S 2 , S 4 and S 6 are controlled at switching frequency as shown in Fig. 6 . The circuit can be treated as a parallel-connected dual-buck converter with the input voltage of ν ac and ν ab as shown in Fig. 7 . 
Output logic When switch S4 is ON, S2 and S6 are OFF, t 0 [t α , t β ], the yielding equivalent circuit of OCC-MR is shown in Fig. 7b ).
. The average values of phase currents ib and ic during one switch cycle are given by 
where I in is the amplitude of phase currents, which is the output of voltage regulator, ϕ b and ϕ c are initial phases of voltage e b and e c , then the duty ratios of switch S6 and S4 can be derived from equations (18) and (19) . 
If the currents i b and i c are controlled to track phase voltages e b and e c , respectively, the third current i a tracks phase voltage ea automatically, since i a + i b + i c = 0 and e a + e b + e c = 0 are always satisfied in an individual MR in normal operation. Therefore, the power factor of MR is unity. Moreover, only two phase currents with smaller absolute value are switched at high frequency, while the phase current with the maximum absolute value is fixed ON or OFF in each region. Thus, the switching losses are greatly reduced.
If the output voltage is negative, switch S 2 is kept ON and switches S 4 and S 6 are kept OFF for the entire region, while switches S 1 , S 3 and S 5 are controlled at switching frequency. The duty ratios of S 5 and S 3 can be calculated according to (18) and (19) .
Similarly, the equivalent circuit and the control key equations of other regions can be derived in the same manner. All the control key equations can be implemented by the same OCC control circuit that rotates from region to region dictated by a voltage selection circuit and a drive signal distributor according to the region selection signal.
C) Design of voltage regulator
With one cycle control, transfer function from current reference to input phase current is simplified to a first order system. For the input current tracks the phase voltage, the OCC-MR is equivalent to a three-phase resistance load. According to active power conservation law, ( ) In order to eliminate the influence of load disturbance on the system, a PI controller is applied to the outer voltage control loop. The control structure of voltage regulator is shown in Fig. 8 . It is very easy to set up the parameters of PI controller by means of poles placement. 
D) Stability consideration
With the proposed approach, the output current may experience a large distortion at startup. Since all the switches are off at the moment of startup, the output current of OCC-MR is zero. So the results of integrators in one-cycle controller are zero. According to formulas (18) and (19) , the duty ratios of switches are fixed to 1, and the input voltage is delivered to output side directly. The output current will increase fast. Then the results of integrators become very large, so duty ratios are fixed to 0 next cycle and all switches are turned off. So the One-Cycle Controller does not work properly at the beginning. To solve this problem, a soft startup process is used in this paper. When the power is turn on, controller starts to work. The duty ratio of switches is limited to a small value. As the output current increases, the duty ratio increases. With the soft startup process, current distortion is eliminated.
During the operation, when the load or output voltage reference is changed suddenly, the output of voltage regulator may vary sharply. Since the OCC-MR is a kind of current source rectifier, the output current would not be changed suddenly. If the amplitude of input current reference is larger than that of output current, in certain regions of the line cycle, the duty ratios calculated according to formulas (18) and (19) will fixed to 1 or 0, and the converter is not chopped anymore. The converter could be "partly uncontrolled." The "partly uncontrolled" phenomena could deteriorate the performance of OCC-MR.
In order to control the converter fully, the output of voltage regulator, i.e. I in should be limited. where E is the amplitude of input phase voltages. For the output voltage and current vary with the load, the limitation to voltage regulator is changed.
It is worthy to note that, since the output of voltage regulator can't be changed in a sudden and its slope is limited, the response of voltage loop is also limited.
Simulation analysis
To verify the proposed control scheme, the OCC-MR is simulated using Power System Blockset in MATLAB/SIMULINK environment. The parameters of the system are given in Table 2 . The whole system is simulated in the discrete time domain with the sampling frequency of 10 kHz.
To check the performance of OCC-MR, steady state and some typical dynamic states of the circuit in practical operation are investigated, which include the following: 1) Normal operation, e.g., balanced input voltages, constant load and control reference; 2) Changes of control command, e.g., output voltage reference varies in a step; 3) Fast load change, e.g., load power varies in a step; 4) Unbalanced input voltage source, e.g., the amplitude of one phase voltage is reduced by 20%.
The simulation results are shown in Figs. 9-12 , respectively. Figure 9 shows the normal operation of OCC-MR. The input voltage sources are balanced. The load and output voltage control reference are fixed to 25 Ω and 200 V, respectively. The input currents are balanced and input power factor is unity. The THD of input current is 3.90%. The ripple of output voltage is less than 5.0 V. To study the load disturbance rejection of OCC-MR, the load is changed from 25 Ω to 15 Ω at t = 0.05 s, at the same time the voltage control reference is kept constant and input voltages are balanced without any perturbation. Intrinsically, Since the OCC-MR is a kind of current source rectifier, the output voltage changes exactly and immediately when changes occur in the load. This disturbance is equivalent to the case when the voltage control reference is changed. Therefore, the OCC-MR completely rejects load disturbances to the output voltage, and keeps the output voltage constant. Simulation results are shown in Fig. 11 . Figure 12 shows the vector operation of OCC-MR under un-balanced input voltage source. The phase voltage e a is reduced by 20%, while the other two phase voltages e b and e c are kept unchanged. From the simulation results, it can be seen that, input current ia is enlarged by 20%, while currents ib and ic are not changed. Therefore, the active power of each phase is identical like before. The THD of input current is 4.33%, which is larger than that under normal conditions. The output voltage also follows the control reference. So the OCC-MR can work well no matter the input voltage source is balanced or not. Since the OCC-MR is one kind of buck converter and the maximum linear voltage ratio is only 0.866, it doesn't work as expected if the RMS value of input voltage is less than the desired output voltage.
Conclusions
In this paper, a three-phase OCC-MR with vector operation is investigated. This converter provides a simple, effective and reliable rectification method. The OCC-MR use a three-phase bridge as its power stage and two integrators with reset along with a few logic and linear components as its control core. The OCC controller is used to control input phase currents tracking input phase voltages. The power factor of OCC-MR is unity. By using vector operation, only two phase currents with smaller absolute value are switched at high frequency, while the phase current with the maximum absolute value is fixed ON or OFF in each region. Thus, the switching losses of whole converter are greatly lowered. The OCC-MR has rigid adaptability to the power system whether it is three-phase balanced or unbalanced and is capable of rejecting the load perturbations completely; the input phase currents are able to follow the control references within one cycle; and the switching error is automatically corrected within one cycle. There is neither steady state error nor dynamic error between the control reference and the average value of the input phase currents.
